Received for publication 30 April 1970 and in revised form 24 September 1970. the action of hormones on mammalian tissues (1) . Adenyl cyclase, the enzyme which converts adenosine triphosphate to cyclic AMP, has not been isolated in a highly purified state, but it appears to be a component of the external cell membrane where it is rapidly influenced by hormones in the extracellular fluid. Considering the broad applicability of the secondary messenger concept in hormone effects on cells there has been surprisingly little effort to study the role of cyclic AMP in responses of lymphoid cells to antigen and phytohemagglutinin. We have previously reported that isoproterenol, aminophylline, and prostaglandins, agents which elevate cyclic AMP levels in human lymphocytes, markedly influence PHA-stimulated transformation of these cells (2) . The present paper describes changes in adenyl cyclase activity and cyclic AMP levels in human lymphocytes with time after exposure to PHA. In the companion paper we present the results of detailed studies on the effects of extracellular and intracellular nucleotides on lymphocyte metabolism.
METHODS
Preparation of lymphocytes. In most experiments, 500 ml of blood from a single healthy human volunteer was used with heparin (1000 U/100 ml of blood) (Liquaemin Sodium, Organon Inc., West Orange, N. J.). Dextran (Grade H, Pharmachem, Bethlehem, Pa.) was added to a final concentration of 0.6% and cells separated by gravity sedimentation at 37°C for 1 hr. The leukocyte-rich supernatant was separated and centrifuged at 250 g for 10 min at room temperature. The cell pellet was then washed three times with 0.01 M phosphate-0.15 M NaCi, pH 7.4 (phosphate-saline). This preparation usually contained 40-70% lymphocytes.
Purified lymphocytes were prepared by pouring the leuko-glass column (200 X 13 mm). Five columns were used per 500 ml of blood. Aliquots of the leukocyte-rich plasma were poured on columns and left to equilibrate for 10 min at 370C and then eluted with fetal calf serum (Grand Island Biological Co., Grand Island, N. Y.). Cells in the eluate were pooled, centrifuged at 250 g at room temperature for 10 min, washed three times with phosphate-saline, and centrifuged two times at 100 g at room temperature for 7 min to remove platelets. Purified lymphocyte preparations usually contained 96-99.5% lymphocytes and less than one platelet per three lymphocytes. Platelets purified by the method of Lewis and Majerus (3) were demonstrated to have less than 0.2 pmoles of cyclic AMP per 106 platelets. Human polymorphonuclear leukocytes were purified by the method of Bbyum (4) . Culture medium. The culture medium contained Eagle's minimum essential medium (Grand Island Biological) 0.02 M Tris HCl buffer, 20% fetal calf serum, 0.04 M glutamine, nonessential amino acids (Grand Island Biological), and 100 U of penicillin G per ml. The pH of the medium (at 37'C) was adjusted to 7.3 with 0.2 N HCl. Long-term experiments (6 hr or more) were conducted under sterile conditions with streptomycin, 100 /Lg/ml, also present.
Reagents. Phytohemagglutinin-P (PHA-P), from Difco Labs, Detroit, Mich., was reconstituted in 5.0 cc of sterile water. The reconstituted PHA-P contained the following electrolytes: Na, 129 mEq/liter; K, 2. 0.65 ml of this cell suspension and 0.05 ml of solutions containing PHA-P, aminophylline and isoproterenol, prostaglandin, or Gey's solution were then added to 12-ml glass Pyrex homogenizer tubes. The tubes were capped and incubated at 37°C for varying periods of time with manual shaking every 15 min during the early phases of incubation. After incubation cells were centrifuged at 250 g for 2 min at room temperature, the supernatant removed with a capillary pipette and the cell pellet immediately frozen in liquid nitrogen. Experimental conditions were performed in quadruplicate. In very short incubation experiments (less than 2 min) cells were centrifuged before the addition of PHA and PHA was added directly to the cell pellet. Cyclic AMP was determined by a radioimmunoassay procedure recently developed in these laboratories (8) . The frozen cell pellets were homogenized in 6% ice-cold trichloroacetic acid (TCA) in a cold room (6°C) and extracted with 4.0 cc of ether three times. The aqueous phase was heated at 56'C to remove the ether and evaporated to dryness under a stream of nitrogen gas. Cyclic AMP in the residue was dissolved in 300 ,ul of 0.05 M Na acetate buffer, pH 6.2. 'SI-labeled cyclic AMP and rabbit anti-cyclic AMP antibody were added and the reaction mixture allowed to incubate for 3 hr at 6°C. An excess of goat antirabbit y-globulin was then added and after 16 hr of further incubation at 6'C, precipitates were isolated by centrifugation and washed with acetate buffer. Radioactivity in the precipitates was determined by a gamma spectrometer. The I5-labeled cyclic AMP was prepared by iodination of 2',0 (succinyl tyrosinemethyl ester)-cyclic adenosine 3',5'-monophosphate according to the chloramine-T procedure of Hunter and Greenwood (9) . The rabbit anti-cyclic AMP antibody was prepared by immunization of rabbits with a bovine serum albumin conjugate of 2',0-succinyl-cyclic AMP (8) .
Cyclic AMP in Human Lymphocytes PHA was extracted with chloroform as follows. 5 ml of undiluted PHA-P in Gey's solution was cooled and acidified to pH 2.0 with 2 N HCl. The acid solution was extracted three times with an equal volume of chloroform over a period of 90 min with continuous shaking. The PHA was quantitatively transferred to a dialysis bag and dialyzed versus Gey's solution.
RESULTS
Adenyl cyclase. The activity of adenyl cyclase in broken cell preparations of lymphocytes is shown in Table I . Sodium fluoride (10 mmoles/liter) markedly 2250 increased the activity of the enzyme, a result consistent with what has been observed with broken cell preparations from other tissues (1). The effect of isoproterenol (0.35 mmole/liter), PHA (1: 14 to 1: 350), and prostaglandins (0.2 mmole/liter) varied from little or no change to 2-to 4-fold increases in enzyme activity. In most experiments PHA, isoproterenol, and prostaglandins clearly stimulated enzyme activity within the 10 min period of the assay (Table I) . Failure of these agents to produce increases in adenyl cyclase activity in several early experiments presumably was due to excessive membrane fragmentation. Oye and Sutherland (10) have observed that the responsiveness of nucleated turkey erythrocytes to epinephrine was retained or lost depending on the method of preparing the erythrocyte membranes. In our own experiments with human lymphocytes hormone and PHA responsiveness was observed provided precautions were taken to minimize membrane fragmentation during cell disruption.
Validation . a.--20,000-fold higher concentrations were needed to give inhibition equal to that of cyclic AMP). Even the 3',5'-cyclic nucleotides of these purine and pyrimidine bases showed negligible cross-reactivity. Although 2',3' cyclic AMP did inhibit binding somewhat, its reactivity was less than 1% of that obtained with cyclic AMP.
Data on the recovery of cyclic AMP from lymphocytes are shown in Table II . In this experimental 10 pmoles of cyclic AMP were added to the lymphocyte preparation just before freezing in liquid nitrogen. 72% (8.2 pmoles) of the cyclic AMP theoretically pressent was recovered. Adding phosphodiesterase after the ether extraction essentially eliminated cyclic AMP activity in the immunoassay. Doubling of the number of lymphocytes produced a 2-fold increase in cyclic AMP recovery.
The effects of aminophylline, isoproterenol, and prostaglandins on lymphocyte cyclic AMP levels. The effects of isoproterenol and prostaglandin (PGE1) on cyclic AMP levels in purified lymphocytes correlated well with their effects on adenyl cyclase activity in broken cells. In eight experiments isoproterenol at 0.35 mmole/liter uniformly produced moderate increases (usually 1.5-to 3-fold) in cyclic AMP levels; at 0.2 mmole/liter PGE, produced a 4-to 8-fold increase in the cyclic AMP concentration. Representative data are shown in Table III . The stimulation of lymphocyte adenyl cyclase activity by isoproterenol and PGE1 is in accord with the effects of these agents in most other mammalian tissues (11, 12) . Norepinephrine (0.02-20 mmoles/liter in Gey's solution) also stimulated lymphocyte cyclic AMP levels.
Low concentrations of norepinephrine (2-100 mmoles/ liter) lowered cyclic AMP levels by about 25% in two of three experiments.
Aminophylline at 0.35 mmole/liter also induced increases in lymphocyte cyclic AMP levels (Table III) , presumably due to inhibition of the phosphodiesterase which hydrolyzes cyclic AMP. When aminophylline and isoproterenol were both present, an additive and in some instances a synergistic effect was observed.
In four experiments various prostaglandins (PGE1, PGE2, PGA1, PGA2, and PGFia) were evaluated at a 0.2 mm concentration and all determinations demon- In the adenyl cyclase experiments it was established that PHA is capable of producing increased adenyl cyclase activity within 5-10 min. The rapidity of the increase in enzyme activity was further studied by following early changes in cyclic AMP levels in stimulated and control cells. In cell suspension experiments significant increases in cyclic AMP levels occurred within 2 min after the addition of PHA (Fig. 2, left) . This is the minimal period of time required to add PHA and the control buffer solution and rapidly centrifuge the cells. In experiments on lymphocyte pellets, at 0 time and 30 sec after the addition of PHA definite increases in cyclic AMP levels were not demonstrable. By 1 min, however, clear increases in cyclic AMP levels had occurred.
In experiments in which lymphocyte cyclic AMP levels were followed for many hours a characteristic sequence of changes took place (Fig. 2, right) . After the early rise in cyclic AMP levels in PHA-stimulated cells, the cyclic AMP concentration was observed to fall so that by 6 hr the concentration of the cyclic nucleotide in stimulated cells was the same or below that of the control cells. The cyclic AMP level in PHA-stimulated cells was definitely below that of control at 16-20 hr.
To exclude the possibility that the late fall in cyclic AMP levels in PHA-stimulated cells might be due to nutritional deficiency secondary to high cell density, a timed experiment at a cell density of 1 X 106 cells/ml was carried out even weakly stimulatory. Thus it appeared that both isoproteronol and norepinephrine were functioning primarily as P-stimulatory agents.
PGE1 was partially inhibited by dibenamine (> 10 omoles/liter) and propanolol (> 10 ,smoles/liter) but not by phentolamine at similar and higher concentrations. The inhibition pattern thus corresponded reasonably closely to what was observed with PHA itself. Since the prostaglandins are widely distributed in the plant and animal kingdom it seemed possible that the PHA-P preparations used in these experiments contained prostaglandin, accounting for their adenyl cyclase-stimulating activity. Observations bearing on this possibility were the following. (a) The PHA-P remained active following extensive dialysis and column chromatography (in preparation of erythro-and leukoagglutinating fractions), conditions which would ordinarily remove prostaglandins. (b) PHA-P at a final dilution of 1:14 failed to elevate cyclic AMP levels in purified human polymorphonuclear leukocytes and rabbit kidney cortex (18, 19) . Weak stimulatory effects of phentolamine on lymphocyte cyclic AMP levels have been observed in several experiments but the effects are small and of borderline (P 0.10) statistical significance.
The observation that there is marked fluctuation in cyclic AMP levels with time after exposure to PHA is of considerable interest. Following an early rise there was a prolonged fall in cyclic AMP levels lasting for many hours. The early response occurred within 1 min, sufficiently fast to suggest that cyclic AMP could play a major role in the early metabolic effects of PHA. Other early changes in lymphocyte metabolism in PHAstimulated cells include increased incorporation of 'P orthophosphate into phosphatidylinositol (20) , an increased rate of phosphorylation and acetylation of nuclear protein (21) , and an increased rate of incorporation of radioactive precursors into RNA and protein (22) . These changes appear to occur less rapidly than the early elevation in cyclic AMP concentration. Since cyclic AMP can mediate alterations in phosphatidyl inositol metabolism (23) and histone phosphorylation (24) in other tissues it would be attractive to assume that these metabolic alterations are a direct consequence of the increase in cyclic AMP concentration. However, parallel metabolic studies with the same cell preparations are not yet available and the extent (if any) to which cyclic AMP acts as an intracellular messenger for PHA during the early phases of the cellular response is still uncertain. More thorough evaluation of this question will require studies on early effects of prostaglandins, aminophylline, and isoproterenol on lymphocyte metabolism as well as an investigation of the metabolic effects of cyclic AMP and dibutyryl cyclic AMP on intact lymphocytes and subcellular lymphocyte fractions. However, work in progress already indicates that some if the early metabolic effects of PHA are not readily ascribable to cyclic AMP. Thus PHA stimulates an early (30-90 min) increase in the uptake of 3'PO4 into lymphocyte phospholipid, but dibutyryl cyclic AMP, aminophylline, and isoproterenol do not. It would therefore seem probable that other mediators are responsible for the rapid increase in phospholipid synthesis; moreover, from the results in the companion paper, although! cyclic AMP does initiate lymphocyte transformation, it is considerably less effective than PHA in this regard.
The basis for the late decrease in cyclic AMP levels in PHA-stimulated lymphocytes is not known. Leakage of cyclic AMP through the cell membrane has been demonstrated in E. coli (25) . In a single experiment cyclic AMP could not be demonstrated in the medium 6 and 24 hr after PHA stimulation. Further investigation of this possibility is needed since phosphodiesterase in the fetal calf serum might destroy cyclic AMP as soon as it leaves the cell. A substantial fall in available ATP, the substrate in the adenyl cyclase reaction seems unlikely but has not been specifically excluded. Quite conceivably there is a feedback control mechanism which ultimately produces a reduction in adenyl cyclase activity or an increase in cyclic mononucleotide phosphodiesterase activity. Still another contributing factor might be the enzymatic degradation of PHA molecules attached to the lymphocyte membrane so that adenyl cyclase is no longer stimulated. In dose response curves of lymphoid cells to PHA, high doses of the mitogen often result in decreased DNA synthesis (26) . High Human lymphocytes undergoing a maximal PHA response are a synchronized population of cells and as such provide one of the most useful experimental models for the study of the mammalian cell cycle. Evaluation of the G, phase of the mammalian cell cycle has presented particular difficulties because of its variable duration and the relative absence of suitable markers to provide a basis for further subdivision. It will be interesting to see if the fall in cyclic AMP concentration observable after several hours in PHA-stimulated lymphocytes is also present during some portion of the Gi phase of synchronized cells of other types.
In view of the widespread metabolic effects of cyclic AMP in the cell, one might anticipate that persistent alterations of cyclic AMP levels might interfere with the complex machinery of lymphocyte transformation. This subject is considered in detail in the next paper.
